Introduction
Double immunostaining is a common technique for localizing two different antigens in a tissue section (1, 2) . In flow cytometry, multiple immunolabeling with up to six colors is also used (3) . However, it is not easy to apply a multiple labeling procedure to histological sections. We describe here a method for triple immunostaining of post-mortem human brain tissue. As fluorochromes we employed fluorescein isothiocyanate (FIE), R-phycoerythrin (R-PE), and the tandem conjugate of R-PE and cyanin 5 (Cy5) (4.5) for confocal laser scanning microscopy. These fluorochromes are excited by a single 488-nm laser beam. HLA-DR and von Willebrand factor ( v m ) are used as specific markers for microglia (6,7) and vascular endothelial cells (8) , respectively. With this method, the spatial relationship among blood vessels, reactive microglia, and amyloid P-protein (AB) deposits in the brain of patients with Alzheimer's disease (AD) is clearly visualized in a single photomicrograph.
Materials and Methods
The antibody to AP (E-50) was obtained by immunizing a rabbit with a Correspondence to: T. Uchihara synthetic peptide corresponding to residues 18-31 of AD (9) conjugated to keyhole limpet hemocyanin (10,lI). An IgG fraction was recovered from the antiserum by affinity chromatography on protein A-Sepharose (Am-purePA Kit; Amersham, Arlington Heights, E). The antibody strongly reacts with both native and synthetic AB on Western blotting (data not shown). The IgG was conjugated with biotin (long arm)-NHs (BLANHS) N-hydroxy-succinimidyl6-(biotinamido) hexanoate (Vector SP-1200; Burlingame, CA), according to the supplier's instructions (12,13) (E-50: biotinylated IgG fraction of E-50).
Brain blocks approximately 5 mm thick were cut at the time of autopsy from the temporal cortex of patients with AD. The diagnosis was initially made on clinical grounds and was confirmed pathologically in every case.
Brain blocks were rued in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 2 days in the cold. After cryoprotection with 15% sucrose in 0.01 M PBS, pH 7.4, 30-or 60-pm thick sections were cut on a freezing microtome. The tissue was processed as free-floating sections throughout the staining procedure. Incubation of tissue sections was always performed at 4°C. After each step, sections were washed three times (10 min each) with PBS containing 0.3% Triton X-100 (PBS-E). Before staining, the sections were treated in formic acid (>99%) for 1 min. After pre-incubation with the blocking serum (596, goat) in PBS-Tx, the sections were incubated for 2 days with the first primary antibody, anti-vWF (1:500, polyclonal IgG raised in rabbit) (Dako; Glostrup, Denmark (8) diluted with PBS-E containing 5 % goat serum. The sections were then incubated for 6 hr with a goat anti-rabbit IgG conjugated with F I E (1:200) (Cappel; Durham, NC) diluted with PBS-E containing 5% goat serum, followed by incuba-tion with 50% normal rabbit serum in PBS-E for 1 hr to block the unoccupied binding sites of the FITC-conjugated anti-rabbit IgG. After incubation in the blocking sera (mixture of 5% goat, 5% bovine, and 5% rabbit sera), the sections were incubated for 2 days with a mixture of the second and third primary antibodies, i.e.. anti-HLA-DR(k300, done CR3/43, m o w monoclonal IgG, Dako) (6.7) and biotinylated antihp (E-50', 1:200), diluted with PBS-Tx containing 5% goat, 5% bovine, and 5% rabbit sera. Finally. the sections were incubated for 6 hr with a mixture of anti-mouse IgG F(ab')z conjugated with R-PE (1100) (&go Immunochemicals; Burlingame, CA) and CyChrome (tandem conjugate of R-PE and Cy5 conjugated with streptavidin, 1:lOO) (PharMingen; San Diego, CA) diluted with PBS-E containing 5% goat serum. The sections were then mounted on glass slides and coverslipped with 90% glycerol and 10% 0.1 M PBS supplemented with 0.1% p-phenylenediamine as an antifading agent.
The slides were observed under a Cad Zeiss LSM 310 confocal laser scanning microscope (Oberkochen, Germany). A single 488-nm beam from an argon-krypton laser was used for excitation. Emission from F I E (vWF) was detected through a long-pass filter (<520 nm) and was displayed as red. Emission from R-PE (HLA-DR) was detected through a band-pass filter (576 f 10 m, custom made by Vacuum Optics Corporation OfJapan; Gotenba, Japan) and was displayed as green. Emission from Cy-Chrome was detected through a short-pass filter (>690 nm) and was displayed as blue. The antigens, fluorhomes, filter specificities, and colors employed are summarized in Table 1 . Figure 1 illustrates the three-color immunofluorescence in a single plane, where vWF is displayed as red, HLA-DR as green, and AB as blue. In this photomicrograph the relationship among the blood vessels (vWF), microglia (HLA-DR), and amyloid deposits (AB) was observed simultaneously. (Figure 2, red) , HLA-DR (Figure 4, green) , and AB (Figure  3 , blue) do not crossreact with each other. The fine granular staining that appears in all channels is the autofluorescence emitted from lipofuscin and appears in unstained sections (not shown).
Results
Senile plaques were identified as round AB deposits. They always contained HLA-DR-positive microglia in the center. Approximately halfof the senile plaques were in contact with or penetrated by blood vessels. The other half had no relationship with blood vessels.
Discussion
The aim of this study was to visualize three antigens simultaneously in a histological section from post-mortem human brain tissue. There are a few reports demonstrating three structures in a single microscopic field of human material (14-16). One of them (16) is a study on post-mortem brain tissue. In these studies the authors combined double immunostaining with DiI-LDL binding to the LDL receptor (14) , enzyme histochemistry for acid phosphatase (15) , or thioflavin S staining (16) . Such non-immunological stainings, however, are not always specific and are applicable only to a limited number of molecules. An advantage of triple immunostaining is the availability of a huge number of antibodies to a variety of antigens.
Immunostaining of post-mortem human tissue requires much stronger amplification of a specific signal than that of experimental animal tissue, cultured cells, or biopsy specimens of human tissue. Post-mortem delay, as well as various pre-mortem conditions, not only may cause deterioration of antigen epitopes but also may increase nonspecific labeling. Enzyme immunohistochemistry often works well in single staining of such tissue, but in multiple labeling interference occurs between the individual enzyme products when the antigens are located in close proximity. Immunofluorescence, on the other hand, is far less sensitive, even after stacking the antibody layers in indirect immunofluorescence. Furthermore, the autofluorescence from lipofuscin often hinders the weak specific signal. A confocal laser scanning microscope can compensate, at least in part, for this disadvantage of immunofluorescence. It optically slices the sections into a thin plane, enhancing the relative strength of the specific signal on the background. In addition, the images, if appropriately prepared, will be potentially reconstructed into three-dimensional images, which may further help us to understand the spatial relationship between the sttuctures to be investigated (2). Neither the overlay of three-color images in one plane nor the three-dimensional reconstruction is possible in sequential multiple immunofluorescence (15) or enzyme immunohistochemistry (14) .
The combination of FITC and R-PE is commonly used for double immunolabeling of histological sections (2) or two-color analysis on flow cytometry (4) . Both FITC and R-PE are excited by a 488nm laser beam. We have employed the tandem conjugate of R-PE and Cy5 (5) as the third fluorochrome. Since the absorption spectrum of Cy5 considerably overlaps with the emission spectrum of R-PE, this conjugate absorbs the 488-nm laser beam and extends the Stokes shift. Its emission peak is identical to that of Cy5, which is at 674 nm and is readily distinguished from the emission of FITC or R-PE (Table 1) . All three fluorochromes are thus excited by a single laser tuned to 488 nm. This is more convenient than using a complicated excitation system with multiple laser beams (4) .
Another difficulty in multiple labeling is crossreaction of the secondary antibodies. In some previous works (1, 2, 17) the authors carefully chose primary antibodies raised in different animal species and used species-specific secondary antibodies. This strategy is not always feasible, however. In the present study, anti-vWF and anti-Aa are both rabbit IgG. Biotinylation of one of the two antibodies is an easy way to avoid the crossreaction at the secondary antibody layer (4, 12) . Avidin or streptavidin conjugated with a variety of fluorochromes is now commercially available. It should be noted that before commencing the second cycle of immunostaining, the free binding site of the secondary antibody in the first cycle should be completely blocked by an excess amount of normal serum from the same animal species as the primary antibody (12) . The relationship of senile plaques to blood vessels has been a UCHIHARA, KONDO, AKIYAMA, IKEDA subject of significant debate (18) (19) (20) . We suggest that simultaneous visualization of three antigens by confocal laser scanning microscopy may be a useful tool for studies of such issues in which both specific markers for each structure and understanding of the spatial relationship between these structures are required.
